The nitrogenase from the facultative anaerobe Klebsiella pneumoniae consists of two proteins: a dimeric protein (Kp2;* mol.wt. 67000) containing four non-haem iron atoms, and a tetrameric protein (Kpl, mol.wt. 218000) containing 22 ± 2 non-haem iron atoms and 2 molybdenum atoms (Smith et al., 1976a) . Both proteins, an anaerobic environment, MgATP and a source of electrons, probably flavodoxin in vivo (Yates, 1972; Yoch, 1974) or sodium dithionite in vitro (Bulen et al., 1965) , are required for activity. E.p.r. spectroscopy (Smith et al., , 1973 Orme-Johnson et al., 1972; M. N. Walker & Mortenson, 1974) , Mossbauer spectroscopy (Smith & Lang, 1974) and stopped-flow spectrophotometry (Thorneley, 1975; Thorneley et al., 1976) have all shown that one role for the Fe-protein is to transfer electrons in an MgATP-dependent reaction to the Mo-Fe protein. Stopped-flow studies (Thorneley, 1975; Thorneley et al., 1976) showed that this electron * Abbreviations: The nitrogenase components of the various organisms are denoted by a capital letter indicating the genus, a lower-case letter indicating the species and the number 1 or 2 denotes which of the protein components is referred to; the number 1 indicates the Mo-Fe-containing protein and the number 2 the Fe-containing protein; Ac, Azotobacter chroococcum; Kp, Klebsiella pneumoniae; Cp, Clostridium pasteurianum; Av, Azotobacter vinelandii; e.p.r., electron paramagnetic resonance; Hepes, 4-(2-hydroxyethyl)-1-piperazine-ethanesulphonic acid.
Vol. 165 transfer occurred within a tight complex of the two proteins with rate constants of k = 2.0 x 102s-1 (K. pneumoniae) and 2.5 x 102S-1 (A. chroococcum). The dependence of the observed first-order rate constant for this reaction on MgATP concentration gave a dissociation constant for MgATP, K'MgATP = 0.4mM (K. pneumoniae) and 1.0nmm (A. chroococcum) . These values are very similar to the apparent Km values for MgATP determined previously for the rate of acetylene reduction under steady-state conditions (Thorneley & Willison, 1974; Thorneley, 1974b) . None of these studies indicated co-operative interactions involving multiple binding sites for MgATP, although the inhibition by ATP4-did exhibit kinetics consistent with positive homotropic effects (Thorneley, 1974b) . Previously reported sigmoid dependences of the rates of acetylene reduction and H2 evolution on MgATP concentration (Bergersen & Turner, 1973; Moustafa & Mortenson, 1967) can probably be explained by inhibitory effects of MgADP (see below) or insufficient attention to the equilibria between Mg2+ and ATP4- (Thorneley & Willison, 1974; Storer & Cornish-Bowden, 1976) . Ljones (1973) measured the rate of dithionite oxidation as a function of ATP concentration at various fixed concentrations of ADP with C. pasteurianum nitrogenase. Linear Lineweaver-Burk (1934) plots were obtained in the absence of ADP, but, as the ADP concentration was increased, the plots became increasingly curved. No analysis of these data was attempted by Ljones (1973) . These data were qualitatively similar to those reported below for H2 evolution by K. pneumoniae nitrogenase. Heterotropic interactions between MgADP and MgATP have been reported by Tso & Burris (1973) Atkinson (1970) for other ATPdependent enzymes. In the present paper the kinetics of the inhibition by MgADP of the MgATP-induced electron transfer between the component proteins are now reported and compared with steady-state data for the MgATP-dependent H2-evolution reaction.
Materials and Methods
The component proteins of Klebsiella pneumoniae nitrogenase were purified as described by Eady et al. (1972) , with an additional final DEAE-cellulose chromatography (Smith et al., 1976a) . The complex KplKp2 component proteins at a 1:1 molar ratio had a specific activity, when assayed under the conditions described by Eady et al. (1972) , of 790nmol of ethylene produced/min per mg of Kp2 protein. Each protein solution contained 25mM-Hepes/NaOH, pH7.4, and 1OmM-MgCI2.
Protein concentrations were measured by the Folin-Ciocalteu method (Lowry et al., 1951) , with bovine serum albumin, previously dried for 24h over P205, as a standard; dry-weight measurements have shown that no correction factor is necessary for K. pneumoniae proteins (Eady et al., 1972) .
All biochemicals were purchased from Sigma (London) Chemical Co., Kingston-upon-Thames, Surrey KT2 7BH, U.K., and salts from BDH Chemicals, Poole, Dorset, U.K.
Stopped-flow experiments were done at 23°C, and monitored at 425 nm in a 1 cm-light-path cell. Anaerobic dilutions ofstock solutions were done with gas-tight syringes into N2-or Ar-flushed vessels fitted with rubber serum caps. Modifications to a commercial stopped-flow apparatus (American Instrument Co., Silver Spring, MD, U.S.A.), necessary to improve the temperature control and the anaerobicity, have been described (Thorneley, 1974a) .
Absorbance changes were recorded on a Tektronix 549 storage oscilloscope and time-constants of exponential traces were evaluated as previously described (Thorneley, 1975) . H2 evolution was determined by the established technique of Eady et al. (1972) at 23°C. No ATPgenerating system (phosphocreatine/creatine kinase, EC-2.7.3.2), was used in these assays, since the inhibitory effects of MgADP were under investigation. Assays of2-40min duration were used, depending on conditions; linear rates of H2 evolution were obtained in all cases, indicating that additional inhibition by MgADP produced in the course of the assay was negligible.
Non-linear regression was carried out by the method of Cornish-Bowden & Koshland (1970) , modified as described by Wharton et al. (1974) . Each initial velocity v was assigned a weight 1/v2, because the reproducibility ofreplicate observations indicated that the coefficient of variation of v was independent of v, i.e. that the standard deviation of v was proportional to v.
Results and Discussion
MgATP-induced electron transfer from Fe-protein to Mo-Fe-protein: inhibition by MgADP MgATP has previously been shown to promote a unimolecular electron transfer within a tight complex of the component proteins of Kp nitrogenase (Thorneley, 1975) and Ac nitrogenase (Thorneley et al., 1976) . The reaction was monitored in the stoppedflow apparatus at 425 nm, where the oxidation of the Fe-protein resulted in an increase in absorbance in a singleexponential process. Scheme 1 is consistent with the results obtained when mixtures of MgATP and MgADP were mixed in the stopped-flow apparatus with a 1 :1 molar mixture of Fe-and Mo-Fe-proteins of Kp nitrogenase in the presence of sodium dithionite.
The observed first-order rate constant for the oxidation of Fe-protein (k.bS. = r-') in Scheme 1 as a function of MgATP and MgADP concentrations is given by eqn. (1) (Thorneley, 1975 (Ljones, 1973) . Concentrations in the assays were: protein Kpl = Kp2 = 0.3AuM; MgC92, 1OmM; Hepes/NaOH, 25mM; pH7.4; 23°C. MgADP concentrations were: *, 0.0; A, 0.2mM; E, 0.4mM; O, 0.6mM; A, 0.8mM. shown that the site for MgADP inhibition of interprotein electron transfer is on the Fe-protein. This latter point is important, since a second role for MgATP concerned with substrate reduction has been proposed (Smith et al., 1976b) Fig. 4 in the form of a Hill (1910) plot. At low MgADP concentrations the slope approaches -1 and at high MgADP concentrations approaches -2. The plot exhibits smooth curvature, with no evidence for sharp breaks as the slopes change from -1 to -2.
These results were obtained with low concentrations of protein (Kpl = Kp2 = 0.3 pM) to minimize the amount of MgADP produced in the course of the assay. This low concentration of component proteins is close to the region where the 'dilution effect' (i.e. dissociation of the KplKp2 complex) occurs (Thorneley et al., 1976) . Burns & Hardy (1975) , working with crude nitrogenase preparations from A. vinelandii, reported that the dilution effect is enhanced by MgADP. The data of Fig. 5 show that the dilution effect with purified proteins was enhanced by MgADP, but, more importantly, that the protein concentration used for H2-evolution data even at the highest MgADP concentration used was outside the dilution-effect range. It was important to establish this fact for relevant comparison of the data for the MgATP-and MgADP-dependence of the rate of electron transfer between the component proteins, 1977 Volume of enzyme added to assay (ml) Fig. 5 The interpretation of steady-state kinetic data for such a complex multicomponent system as nitrogenase is extremely difficult, particularly since it is known from e.p.r. studies (Smith et al., 1973) The data shown in Fig. 4 closely resemble a theoretical Hill plot given by Segel (1975; Fig. VIII-3 therein) and it is therefore useful to examine his explanation of such behaviour. He suggests that if binding of a single substrate molecule at one site on any enzyme prevents binding of inhibitor at all of several inhibitor-binding sites, and vice versa, Hill coefficients greater than 1.0 will be observed. We agree with this conclusion, and indeed the models that we consider below (Scheme 2, and Scheme 3 with a = 0) are essentially of this type. However, we do not agree that 'this does not indicate co-operativity in the usual sense' (Segel, 1975, p. 472 Zumft et al., 1972 Zumft et al., , 1974 . This suggested that the data could perhaps be explained in terms of models of the type proposed by Monod et al. (1965) and Koshland et al. (1966) . Scheme 2 is based on the symmetry model of Monod et al. (1965) for the special case of a dimer, and postulates that each protomer can exist in either of two conformational states T and R, and that both protomers of a molecule must exist in the same state at any time, i.e. states T2 and R2 are allowed but TR is not. We assume that the 3.54,UM, L = 3.7 + 1. 1, were obtained by fitting all the data presented in Fig. 3 . The curvature predicted by eqn. (2) indicating positive co-operativity in the absence of MgADP due to the occurrence of T2 as a free species is seen to be so slight that deviations from linearity are easily accommodated in the scatter of the data. Pronounced curvature only becomes apparent in the presence of MgADP; see insert to Fig. 3. substrate MgATP binds only to the R conformation and that the inhibitor MgADP binds only to the T conformation. In principle this model predicts that the binding of MgATP should show positive cooperativity even in the absence of MgADP, because of the occurrence of T2 as a free species. But this cooperativity may well be undetectable if a significant amount of the free enzyme exists as R2 (Fig. 6 ). Scheme 3 is based loosely on the sequential model of Koshland et al. (1966) and Kirtley & Koshland (1967) . It postulates three conformational states A, B and C for each subunit, but unlike Scheme 2 it admits the possibility of mixed conformational states AB, AC or BC for the dimer. To account for the absence of co-operativity in the absence of MgADP we propose that the change in subunit interactions on changing from AA to AB is the same as that on changing from AB to BB, i.e. KAB = KBB in the symbolism of Koshland et al. (1966) . As shown by those workers the absence of co-operativity does not imply the absence of subunit interactions. We make a similar assumption for the MgADP-induced conformational change, i.e. K2c = Kcc. The data fit Scheme 2 rather better than Scheme 3, though the difference is not great. There is evidence that binding of MgADP at either site prevents binding of MgATP at either site, and vice versa, as the fit of Scheme 3 was not improved by allowing a mixed complex. Nonetheless, both models fit the data appreciably less well than one would hope from the reproducibility of replicate observations. These allowed an estimate of the 'pure error sum of squares' (see Draper & Smith, 1966) , independent of the correctness of the model fitted, of 0.330 with 59 degrees of freedom, indicating the true experimental standard error to be of the order of 7.5 %, about half of the value obtained with either model. The significance of this result is probably exaggerated by the experimental design required by practical considerations: it was necessary to make the observations (112 in all) over a period of several weeks, and the replicates are unlikely to have been strictly independent. Nonetheless it does seem likely that a better model than Scheme 2 exists, though we have not been able to get much improvement in fit by means of more complicated models. For example, we have tried an eight-parameter model in which ES, ES2, [MgATP] (Thorneley & Eady, 1973) ; (4) MgADP (3) but not MgATP inhibited the rate of reduction by dithionite of oxidized Fe-protein of A. chroococcum (Yates et al., 1975 The tight binding of MgADP relative to MgATP and the value of the 'allosteric constant', L, ensures rapid inhibition of substrate reduction for small decreases in the MgATP/MgADP ratio. The weak binding of MgATP presumably facilitates the selective 'switch-off' of the expensive (in terms of ATP requirement) nitrogenase while allowing other ATP-dependent enzymes to continue functioning under conditions of maintenance rather than growth of the organism.
We hope that further work may provide more definite experimental evidence for a kinetically significant conformation change, as well as data that permit the establishment of a more refined model for the steady-state kinetics.
